In this paper, we present a systematic evaluation of the effects of local clays and the 10 manufacturing process on the performance of ceramic water filters (CWFs) impregnated with 11 silver compounds, which are used for point-of-use water treatment in developing countries.
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INTRODUCTION 29 30
Ceramic water filters (CWFs) impregnated with silver nanoparticles were developed in 36 filters per month [1] . These silver-impregnated CWFs are easy to use, requiring little training for 37 the users, and they are produced locally and require no additional chemicals for operation.
38
Ceramic filters are manufactured by pressing and firing a mixture of clay and a 39 combustible material, such as flour, rice husks, or sawdust, prior to treatment with silver 40 nanoparticles. The filters are formed using a filter press, after which they are air-dried and fired 41 in a flat-top kiln, in which the temperature in increased gradually to about 900 ˚C over an eight-42 hour period. This forms the ceramic material and combusts the sawdust, flour, or rice husks in 43 the filters, making it porous and permeable to water [1] . After firing, the filters are cooled and 44 impregnated with a silver solution (either silver nanoparticles or silver nitrate) by painting it onto 45 the filters or dipping the filters in a bath of the solution. It has been demonstrated that the silver 46 solution adds disinfectant properties to the CWF, thereby decreasing the bacteria concentration 47 and increasing the quality of the water.
48
Ionic silver and silver nanoparticles are used extensively for their medicinal and 49 disinfectant properties [2] [3] [4] [5] [6] [7] . It has been demonstrated that silver ions produce reactive oxygen 50 species (ROS) by proxy [8] , prevent the replication of DNA, and affect the permeability and 51 structure of the cell membrane [9] . Similarly, silver nanoparticles have different anti-microbial 52 mechanisms, including (i) interactions with the surface of the cell membrane, creating "pits" and 53 affecting permeability, (ii) the release silver ions that penetrate the cell and interrupt the 54 replication of DNA, and (iii) the production of ROS.
55
Both silver salts and nanoparticles are added to CWFs in three different ways, i.e., by 56 painting them onto the filter, dipping the filter in a silver solution, and mixing the silver with 57 clay, sawdust, and water in a powder form. One survey found that 33% of the factories painted 58 the silver solution onto the CWFs, 56% dipped the CWFs into the silver solution, and the 59 remaining 11% mixed the silver in powdered form with clay and sawdust [1] . About 83% of 60 factories used silver nanoparticles, and 17% used silver nitrate [1] .
61
Previous studies of CWFs showed that increasing the concentration of silver added to the 62 CWFs increased the removal of pathogens [10] [11] [12] . The current average amount of silver added
63
to CWFs is about 0.003 mg Ag/g ceramic. No study has assessed the possibility of obtaining a 64 higher sorption of silver species by the ceramic material while minimizing desorption. The rate 65 of desorption of silver from CWFs has been determined in field and laboratory studies [12, 13] , 66 but no studies have been performed to evaluate the influence of the type of clay, accessory 67 minerals, and the concentration of silver added to the ceramic materials.
68
The strength of CWFs also is an important factor because it is related to the durability of 
78
The objective of this study was to investigate the influence of local clay materials 79 and the manufacturing process on silver sorption/desorption and the strength characteristics of 80 CWFs. The specific hypothesis to be tested is that the silver sorption capacity and strength
81
properties of CWFs can be predicted based on the distribution of the minerals in the clay used to 82 make the CWFs. 
TESTING PROCEDURES

85
Ceramic samples were obtained from CWF factories located in the United States (A), 
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The ceramic samples were pulverized using a porcelain mortar and pestle, and the 91 pulverized material was passed through a 150-micron sieve and placed in the sample cell of a 
114
Concentrations of ionic silver were determined using a Thermo-Scientific Orion
115
9616BNWP ion-Plus Sure-Flow Silver/Sulfide probe. The concentration of silver nanoparticles 116 in solution was obtained using ICP-OES (X series, Thermo Elemental); with this method, we are 117 able to detect the total silver in solution, i.e., the combination of silver nanoparticles and ionic 118 silver.
The experiments were conducted at similar conditions of ionic strength (I) using 0.00147 ensure that 30% to 90% of the silver species were sorbed at equilibrium. The aqueous silver 134 solution was mixed with DI water prior to contacting the ceramic materials at different ratios.
135
Tubes containing the diluted silver solution and no ceramic were also included in the experiment 136 and analyzed to determine the losses due to contact with the tubes or caps. No significant losses
137
were measured, and recovery in all tubes was determined to be greater than 98%. The difference 138 between the initial and final (equilibrium) mass of silver in the aqueous phase was considered to 139 be equal to that sorbed by the solid phase.
140
The data were fitted by two well-known models, i.e., the Langmuir and Freundlich with sorbate,
, and ! is the Langmuir adsorption constant of the sorbate,
The Freundlich adsorption isotherm was used to describe the data for heterogeneous capacityparameter,
Desorption experiments were conducted to determine the amount of sorbate (silver 
Strength
175
Flexural strength was determined using the three-point bending test (ASTM C1161-02c) 176 that is commonly used in testing high-strength ceramic materials. A band saw was used to cut 177 small beams from pieces of the CWFs, and the tests were performed on these small beams. It 178 was only possible to perform the test on ceramic materials A, B, and E due to the lack of 179 appropriate materials shipped from the other factories. It was not feasible to obtain specimens 180 that had dimensions that were in exact accordance with ASTM specifications. Thus, for this 181 study, the height and length of the beams were 1 and 4.5 cm, respectively. The depth of the 182 beams was established by the wall thickness of the CWFs (which ranged from 1.5 to 2 cm), so Frame with a load cell that had a 50-lb capacity. Displacement was calculated by multiplying the Nicaragua (E) were analyzed under the same conditions. The ceramic sample from Nicaragua 209 was exceptional in its high background noise, indicating poor crystallinity, which was possibly 210 due to heavy erosion of the source material or additional milling of the ceramic components prior
to assembling the CWFs. Overlapping mineral contents in the fired ceramic material showed that 212 all of the samples except the Nicaraguan samples, had a quartz-dominated matrix (Table 1) .
213
Differing amounts of the smectite group of clays occurred in the samples from the U.S., 
Porosity
222
Porosity is the measure of interconnected voids in the ceramic material. The maximum 223 porosity measured, i.e., 48%, was for the CWFs made in Ghana, and and the minimum porosity,
224
i.e., 40%, was measured for the CWFs made in the U.S. conditions that were tested. However, the R 2 values were much higher when potassium nitrate 252 was used, indicating a much better fit than that for calcium nitrate. values for both isotherm fits were greater than 0.9, indicating a good fit for both the Freundlich 267 and Langmuir models. Table 2 shows details of the parameters used to obtain the fits of the
268
Freundlich and Langmuir models. void space and thus have higher stresses in the ceramic matrix, resulting in a lower strength.
307
Therefore, the differences in strength are expected to be primarily due to differences in the 308 mineralogy of the clay, which could affect the bonding between particles. However, surface 309 imperfections induced by the manufacturing process may also have an effect.
310
The manufacturing process appears to produce a material that has the same strength on 
315
The orientation of the specimens on the sides had some effect on the measured strength,
316
suggesting minimal strength anisotropy. The effect was lowest in ceramic E which had a 317 maximum difference of 10 psi (2%) for an average strength of 524 psi. The anisotropy was more 318 pronounced in ceramic A, which had differences of 20 psi (23%) from the average strength of 319 132 psi. Also, the material appears to be the strongest when it is loaded from the outside-in (-R) 320 direction rather than the inside-out (+R) direction. However, this may be more attributable to the 321 curvature of the beam than to anisotropy. The -R loading direction has a beam that is concave 322 down (Figure 1 ), which produces more of an arch structure that would tend to result in more 323 compressive stresses than tensile stresses, making the material appear to be stronger. shown that casein-capped silver nanoparticles have greater stability the capping agents that have 345 lower molecular weights. It was also found that the dissolution of casein-capped nanoparticles 346 was below 0.5% of the total mass of silver added, so it was expected that the experimental 347 conditions used in this study would have resulted in a similar dissolution rate.
348
Ceramic materials from Ghana and the U.S. sorbed the least amount; these two materials 349 have simple mineral profiles, consisting of just quartz and smectite-group clays, respectively. silicate minerals comprise only a small fraction of the total material, they may provide reactive 371 surfaces for the ionic and silver nanoparticles in experimental systems.
372
When potassium nitrate was used as the background solution, the ceramic material from
373
Guatemala sorbed the most ionic silver (followed by Peru), and the ceramic material from The composition of clay seems to play an important role in the sorption of silver species.
422
The ceramic materials that contained pyroxenes had better sorption of silver, resulting in by the addition of clays that are rich in pyroxenes.
426
The results showed that larger amounts of silver ions can be sorbed than silver 427 nanoparticles. However, the desorption of silver nanoparticles from the ceramic materials was 428 less than that of silver ions. Since it is known that silver is critical to the high performance of the 429 filter and that silver nanoparticles are desorbed to a lesser extent, they can be expected to have a 
436
In this study, the factor that had the most significant influence on the strength of CWFs 437 was the region of manufacturing, and this was likely due to differences in the clay mineralogy of 438 the source materials. Potentially, the factor that ranked second relative to its influence on the 439 strength of CWFs was the part of the filter that was tested. The factor that had the least influence 440 on the strength of CWFs was the loading direction. In fact, the highest strengths occurred when 441 the samples were loaded from the outside inward, suggesting that the pressing during the 442 manufacturing process did not induce significant anisotropy in the material. 
